I. INTRODUCTION
Fundamental questions regarding photo induced chemical reactions, transient states in molecules, and dissociative states are of central importance to chemical physics. New scientific tools based upon spectroscopic imaging and multi coincidence experiments have emerged to address some of these issues, and have achieved great success in dynamic studies of ionised molecules and clusters using lasers, synchrotron radiation, and in collision experiments. [1] [2] [3] [4] [5] Synchrotron radiation is a unique light source providing the ability to selectively ionize particular electronic shells, excite localized core-electronic states, and to select the polarisation of the light. In this context, spectroscopic imaging instruments of various designs [6] [7] [8] [9] [10] allow recording the velocity or momenta of several reaction products in coincidence with energy-analyzed electrons to reveal the details of dissociative states in molecules.
Velocity imaging methods take advantage of efficient two-dimensional position-sensitive detectors to measure molecular photodissociation products. 12, 13 Implementation of a focusing lens to improve velocity resolution extended the imaging method significantly 14 and several implementations of velocity imaging for synchrotron applications have been developed. 8, 11 While 2D imaging is advantageous for low repetition-rate measurements, three-dimensional imaging techniques using timing detectors do not require the Abel inversion and can be used for multi-coincidence measurements without constraints on the polarisation of the light. 15 The space-time focussing condition is widely utilised in linear time-of-flight spectrometers, known as the WileyMcLaren condition, 16 but so far a general solution for threea) Present address: MAX IV Laboratory, Lund University, Box 118, S-221 00 Lund, Sweden. b) Also at Synchrotron SOLEIL, L'Orme des Merisiers, St. Aubin BP 48, F-91192 Gif-Sur-Yvette, France. c) Electronic mail: stacey.sorensen@sljus.lu.se dimensional velocity-focusing spectrometers has been evasive and several groups concluded that it was impossible to meet the required conditions with 1-field 7 and 2-field 6 WileyMcLaren spectrometer. The aim of the present study is to address the issue of fully three-dimensional velocity-focusing and to present a spectrometer design compatible with it in order to study molecules and clusters.
We constructed a 2-field ion momentum-imaging spectrometer with high mass resolution, 4π collection efficiency for ion energies up to 15 eV, and high velocity resolution even with an extended ion source. The geometry and fields of the spectrometer are adapted to achieve fully threedimensional focusing, where an electrostatic lens reduces the effect of the source volume. In this paper we describe the design and performance of the instrument; we derive a semi-analytical expression from the space-time to momentum inversion, and present examples that illustrate how high kinetic-energy resolution illuminates details in the final dissociative states for carbon monoxide. The isotope-resolved fullerene mass spectrum exemplifies the high mass resolution of the spectrometer.
II. DESIGN OF THE SPECTROMETER AND SETUP
The spectrometer is designed primarily for use with linearly polarized synchrotron radiation in the soft x-ray region. The polarization and propagation direction of the light lie in the xy-plane and the spectrometer axis (z) is vertical. The detector is in the x-y plane. The background pressure is about 10 −8 mbar. The sample can be either an effusive jet of gas or a molecular beam which crosses the photon beam in the horizontal plane. A molecular beam is used for fullerene experiments presented in Sec. III where a beam of fullerene molecules was produced by evaporation of a commercially obtained powder sample (99.95% purity) in an oven at 600
• C in front of a 1 mm skimmer to limit the divergence of the molecular beam. The translational energy transverse to the molecular beam, i.e., along the spectrometer axis was thus reduced.
A. Spectrometer
The performance of our spectrometer was investigated simulating particle trajectories with SIMION.
17 Trajectories for 10 eV ions are illustrated in Fig. 1(a) . Electrons and ions are detected by micro channel plates, (MCP), on the ion side (right) followed by a position-sensitive delay-line anode of 80 mm diameter (Roentdek DLD-80). The 40 mm electron detector (left) is located near the source region to provide the start signal for the ion flight time measurement. Time differences between the amplified start and delay-line signals give three coordinates (time and position) which are transformed to obtain the initial momentum vectors of positive ions. The delay-line anode has spatial resolution of better than 0.1 mm, and the overall temporal resolution of the system is about 1 ns.
The extraction region has grids for electrons and ions both located 7 mm from the source point. It is followed to the right in Fig. 1(a) by a region with an accelerating, uniform field created by a series of electrodes. The total length of the spectrometer including the 94 mm long acceleration region and the drift tube is about 750 mm. Metal grids are used to maintain a high degree of field uniformity where the field gradient is high but since the transmission efficiency of the grids is about 80% these are used sparingly. The spectrometer is enclosed in an electrically grounded aluminum cylinder for shielding but no magnetic field shielding is used.
In all coincidence experiments the aim is to detect particles which originate in the same photoionization event. False coincidences may be detected if another ionization event occurs within the time window used for the flight-time, t max . If we define the variable x = λt max then the optimal ionization rate λ can be determined from the Poisson probability f x (k) for k ionization events to occur:
For a measurement with 99% true coincidences (represented by k = 0) and a measurement interval of t max = 10 μs the event count rate should be less than 10 3 Hz.
The detection efficiency of the spectrometer system for a single particle is the product of the geometrical factor derived from the open-area ratio of grids (80%) and the efficiency of the detector. The detector efficiency must be calibrated in order to obtain accurate values, but typically 40% of ions and 60% of electrons that reach the detector are registered. For photon energies well above the double-ionization threshold several electrons are produced. Assuming that the detection of each electron is independent, the probability to get a start signal increases to 1 − (1 − 0.8 · 0. 6) n , e.g., 86% in the case of triple ionization (n = 3). When three ions are produced, the probability for all particles to be detected after an electron start signal is (0.8 2 × 0.4) 3 ≈ 2% (ions pass through two grids). Two out of three ions can be detected with a probability of 15%, while one of them is detected with 43% probability. This leads to a relatively high incidence of "aborted ion coincidences" in multi-fragmentation of molecules which must be taken into account if accurate branching ratios are needed.
B. Mass resolution
The basic principle of the time-of-flight spectrometer is to disperse particles in time according to their mass by acceleration in a uniform electric field. The time T 0 for an ion with initially zero kinetic energy to travel through the entire spectrometer was derived by Wiley and McLaren 16 by separating the spectrometer into three regions, the extraction region (length s), the acceleration region of length d, and the field-free drift tube with length D. The total flight time for a particle of mass m and charge q is then
where α contains all the spectrometer parameters and the time scale for T 0 has been calibrated by subtracting a constant dependent on the experimental set-up.
If the source has ions with kinetic energy E k the resulting temporal spread is expressed as
where E ext and E A are the fields applied in the extraction and acceleration regions. Seccombe et al. 18 showed that the time interval between two ions is If the temporal separation between ions is greater than twice the line broadening in Eq. (3) then the ion peaks can be resolved. This kinetic-energy constraint limits the resolution of the instrument to masses fulfilling the condition:
Equation (4) expresses the maximum resolving power as a function of the applied voltages, ion kinetic energy, and charge. The maximum m is calculated analytically as a function of kinetic energy for different extraction voltages is plotted on a log/log scale for q = 1 in Fig. 2 . The graph shows that ions of mass ∼10 u can be resolved if the kinetic energy does not exceed ∼10 eV. Clusters with masses of ∼1000 u can be resolved up to few meV, an energy comparable to typical thermal energies.
C. Axial and transverse focusing of ions
We have explored the design of a 2-field WileyMacLaren spectrometer with the goal to combine spatialtemporal focusing to achieve high mass resolution and velocity focusing to compensate for the reduction in momentum resolution arising from an extended source volume in the xy-plane. The simulated trajectories for up to E k = 10 eV in directions parallel, antiparallel, and perpendicular to the spectrometer axis indicated that the optimal conditions are reached when the following relations between the ion extraction potential (V ext at the grid on the electron-side), the applied drift-tube potential (V D ), and the lens potential (V L ) are fulfilled:
Here the middle grid in Fig. 1 (a) produces a field of E ext (=V ext /2s) of ∼200 V/cm. The lens potential for optimal focusing at this value is obtained from the simulation. Eliminating the grid in front of the ion detector improves the spectrometer transmission but also introduces a field inhomogeneity that defocuses the ions. We find that with the MCP at the drift tube potential we achieve the same performance level via minor adjustments to the lens settings (V L and V ext ). Simulated trajectories for these settings are shown in Fig. 1 , while the lens performance is investigated in greater detail in Fig. 3 . Simulations were done without kinetic energy (rings) and with 10 eV directed along (solid line, 0
• elevation angle) or opposite (dashed line, 180
• ) the spectrometer z-axis. The case without radial lens is also included (blue and green). For each curve the time of flight from the nominal source point r 0 = z 0 = 0 defines the zero of the time axis.
The extent of the source along the z axis gives a temporal spread that can be minimised by appropriate focusing potentials. Figure 3(a) shows the time-focusing as a stationary point with the first derivative dT/dz 0 = 0 for two ion emission angles. For |z 0 | < 2 mm the higher derivatives give less than 1 ns deviation, with a very small dependence on ion energy and the radial lens. In practice the range of z 0 is determined by the dimensions of the source volume (the intersection between the sample and the photon beam). Typical values are less than 1 mm, thus the temporal extension is negligible.
The radial focusing of the source volume is investigated in Fig. 3(b) . Without the radial lens, detector impact occurs at the same radius as the source point, R ≈ r 0 . With the electrostatic lens enabling the resulting inhomogeneous field (see Fig. 1 ) guides ions with identical momenta to a R < 0.5 mm sized spot on the detector even when they originate at very different positions. The lens improves the average resolution to R ≈ r 0 /40 in the simulation. The same level of improvement is achieved in R for transverse momenta. The fact that ions from r 0 = 5 mm impact at a slightly larger detector radius if their initial direction was in the backward direction than the forward direction (i.e., spending more time in the source region) indicates a slight field penetration in the source region. However, it remains near the limit of the 0.1 mm grid size used in the simulation. In Fig. 3(c) the temporal deviation caused by the lens is shown to be less than 0.3 ns for points within a 5 mm source up to 10 eV kinetic energy. All times in Fig. 3 can be rescaled to another ion mass via their proportionality to √ m/q. We conclude from Figs. 3(a)-3(c) that the homogenous and inhomogenous fields together effectively focus in all three dimensions of velocity space. The potentials used in the simulated trajectories shown in Fig. 1 achieve proper threedimensional velocity-focusing for 10 eV kinetic-energy ions. The most significant conclusion we can draw is that the radial lens has no detrimental impact on the Wiley-McLaren focusing condition, confirming that this approach to separating spatial and temporal focusing is tractable.
D. Data treatment and examples
The first step in the data treatment is the transformation of raw time and position data into linear momentum. To take into account the electrostatic lenses, we employ a semi-analytical approach that starts by decoupling the axial and transverse motions and inserting coupling as a perturbation. This approach is supported by numerical simulations, and can be thought of as a paraxial approximation. Cylindrical coordinates are used in this section.
If we initially assume that all fields are homogeneous, i.e., no radial lens is used, then the transverse momentum is simply p R = mR/T, where R is the radial position on the detector. The general first-order expression for the transformation of the TOF into initial axial momentum p z is
In the homogeneous-field case there is no R-dependence and T 0 is the nominal flight time given by Eq. (2). A radial lens introduces field inhomogeneities that must be taken into account in the transformations. Simulations following Eq. (5) for p z = 0 and the full range of detectable radial momenta showed that the transverse momentum can be described accurately by a radial magnification factor M R :
Inhomogenous fields also introduce a coupling between the transverse momentum and the flight time. We evaluate how the time T 0 (R) for p z = 0 depends upon p R in Fig. 3(d) . The difference between the curves with and without the lens potentials is very small, thus the main origin of the temporal deviation for ions arriving at larger radii is the inhomogeneous field at the end of the drift tube. Regardless of origin, the deviation can be approximated by an R 2 T 0 (0) term (solid line in Fig. 3(d) ). We can thus complete Eq. (6) with the definition
where the proportionality constant c 2 is determined by a fit to the simulation to be c 2 = −2.45m −2 . The same R 2 -dependence was found by Lebech et al. 7 with a compact 1-field spectrometer, although their central time of flight was defined differently. Including an R 4 -term makes the simulated curve indistinguishable from the points in Fig. 3(d) for coefficients c 2 = −2.0 m −2 , c 4 = −459 m −4 . Empirically, Eq. (8) holds also for p z = 0, which confirms the validity of the paraxial approximation. For realistic ion energies, the substantial axial velocity induced by the electric fields in the extraction and acceleration regions of our spectrometer is high enough to make trajectory angles small at the entrance of the electrostatic lens, regardless of the initial direction. This allows us to neglect lens aberrations and nonlinearities in the axial motion, and is likely the reason that the nominal flight time is only increased by about 2%.
For each ion, the coordinates (θ , p R , p Z ) in cylindrical momentum space can now be obtained from the recorded impact times and positions. The total kinetic energy is
III. EXAMPLES OF THE PERFORMANCE OF THE SPECTROMETER
Multicoincident measurement of the fully threedimensional fragment momenta from the dissociation of doubly charged carbon monoxide is an illuminating example to illustrate the performance of the spectrometer. Resonant excitation of carbon monoxide C 1s electrons leads to the emission of fragments with a well-defined angular anisotropy, and the dissociation channels are well studied in independent measurements. The coincident detection of fragments allows an unambiguous assignment of ions to dication dissociation. Figure 4 shows the time-of-flight-radius correlation plot for C + ions measured in coincidence with O + from carbon monoxide excited to the C 1s −1 π * state at 287.40 eV. Each dashed curve corresponds to a fixed elevation angle of the momentum vector with respect to the spectrometer axis (the curve for 90
• emission angle represents Eq. (8)). Each solid curve corresponds to a fixed kinetic energy; the innermost is 0.1 eV and the maximum detectable kinetic energy for these voltage settings is the outermost 12 eV. The overall agreement between the measured distribution and the calculated curves is very good.
A. Fragmentation of the carbon monoxide dication
The kinetic energy released in photo fragmentation can be determined by accurate measurement of the ion momenta, and the total fragment energy can be correlated to dication states in molecules via the total kinetic energy imparted to the fragments in a two-body dissociation process. This example demonstrates that detailed information on the fragmentation dynamics of CO molecules after resonant excitation can be obtained with our spectrometer. Linear momentum is conserved for all two-body fragmentation processes in the rest frame of the molecule. This is expressed as
ric mean mass, where represents the measured width of the correlation. Figure 5(a) shows the kinetic-energy correlation for O + and C + from CO 2 + . Each spot along the diagonal
= ν/m corresponds to fragmentation from a distinct dissociative state in the dication (see Fig. 5(c) ). The width of the distribution perpendicular to this line, , reflects the overall energy resolution of the spectrometer, including thermal broadening in the source (here an effusive gas jet).
We find the energy broadening, , for the present case to be ∼1.8 eV. In Fig. 5(c) the distribution of total kinetic energy is plotted for the ion pairs shown in subplot (a). The states involved in fragmentation can be identified by comparing the peak energies to the difference between known dication state energies and atomic ion energies. If we assume that all frag- ments are produced in the ground state [C + ( 2 P) and O + ( 4 S)] then zero kinetic-energy release corresponds to an energy 36 eV above the neutral CO ground state; that scale is shown above (c). The most intense peak at 6.5 eV kinetic energy is attributed to fragmentation from the CO 19, 20 While this measurement cannot be considered to be a fixed-inspace molecule measurement the angular distribution of the emitted fragments does reflect the molecular geometry, and for a resonant excitation we expect alignment to occur by selective excitation. Both the direction of the transition dipole moment and the molecular geometry will influence the angular anisotropy within the dipole approximation.
The images shown in Figs. 6(a) and 6(b) show the distribution of fragments in the plane of the detector. These correspond exactly to velocity map images. 14 The alignment of the carbon monoxide molecule is indicated to the right with the thin arrow indicating the direction of the polarization vector. The alignment of the molecule is seen in the fragment distribution: the C 1s −1 π resonance implies alignment of the molecular bond perpendicular to the polarisation vector and for the C 1s −1 σ * resonance the alignment is parallel. The three-dimensional distribution of ejected fragments shown in Fig. 6 (c) motivates a coordinate transformation to a spherical coordinate system, (θ , φ, p), where the angles refer to the orientation before fragmentation and p is the absolute value of the linear momentum. This complete kinematic measurement produces a data set that can generate angular maps for any fragment or fragment pair provided that the axial recoil approximation is valid, i.e., dissociation is sufficiently rapid that the alignment is retained in the measurement. The zenith angle θ is defined with respect to , φ is the azimuthal angle. The synchrotron radiation (SR) propagation vector is perpendicular to and the detector axis. The angular distribution of ions derived by Zare 21 for 100% plane-polarized light is the starting point:
where P 2 (x) is the second-order Legendre polynomial: P 2 (x) = (3x 2 − 1)/2. β is the anisotropy parameter that characterizes the angular distribution of fragments with respect to the polarisation vector. This parameter can vary from −1 for a purely perpendicular transition to +2 for a purely parallel transition. I θ,φ (θ , φ) is normalized so that integration over all solid angle gives 1.
In the case of cylindrical symmetry around an integration can be performed over φ without loss of information. The normalized distribution over the polar angle then becomes Figure 7(b) shows normalized intensity distributions as a function of θ for some selected β parameters. For linear molecules such as CO, OCS, and C 2 H 2 where the ground state is , β = 2 corresponds to → transitions, while β = −1 corresponds to → transitions. 22 For molecules belonging to other point groups the situation is more complicated.
Since we collect complete fragment angular information, it is possible to extract partial-ion, fragment pair or β-parameters for data subsets. A histogram as a function of θ can be plotted in linear momentum space. β is then estimated with a least-squares fit of I θ (θ ) to this histogram and the recoil anisotropy extracted. 23 Figure 7(c) shows the angular distribution of C + fragments within the energy interval 11-17.5 eV produced after core-excitation to C 1s −1 π * . The optimal fit for this resonant excitation a function with β = −0.94 in good agreement with a → transition within the axial-recoil approximation.
B. Fragmentation of multiply charged fullerene molecules
A fundamental requirement for time-of-flight mass spectrometry on large molecules and clusters is to resolve nearby masses, e.g., isotopes or protonated molecules. While the separation between masses scales as m −1/2 the peak-width due to thermal energy and extended source volume scales as m 1/2 , making it increasingly difficult to resolve large masses. An ideal sample for characterising mass resolution is the C 60 fullerene whose lightest isotope has a mass of 720 u. Figure 8 (a) shows a TOF spectrum of the fullerene ions created after core-excitation to the C 1s −1 π * state at 286.2 eV. We observe singly and multiply charged fullerene mother ions, C q+ 60 with q ≤ 4. To the left of each mother-ion peak a series of fragment peaks are visible C q+ 60−2n (1 ≤ n ≤ 7). This is a result of the higher stability of clusters with an even number of carbon atoms and is a well known feature.
In Fig. 8(b) an expanded view of the mother-ion peak region. The peak is split into several mass components due to the presence of two carbon isotopes; the well-resolved peaks clearly demonstrate the excellent mass resolution up to 725 u. The intensity distribution of the peaks can be described by a discrete binomial probability function, B n j (k), where n = 60 is the number of atoms, j = 0.011 is the natural abundance of 13 C, and k ∈ {0, 1, 2, . . . 5} is the number of 13 C atoms in the fullerene. The combined peak profile for the mother ion C q+ 60 , assuming thermal beam energies is
where F therm T 0 (k,q) (T ) gives a Gaussian peak centered on the nominal time of flight T 0 (k, q) for m = (720 + k) u.
A least-squares fit provides a value for the thermal broadening along the spectrometer axis allowing extraction of the p z distribution. The analysis is carried out in the temporal domain in order to be able to account for delayed fragmentation. We find a mean thermal broadening of 3.5 ± 1.5 meV with a monotonic increase from the singly charged to quadruply charged fullerenes. This extremely low temperature reflects the cooling of the molecular beam in its transverse direction (the z direction of the spectrometer). This reduced velocity along the spectrometer axis is optimal for accurate ion recoil determination. The momentum distribution along the beam is between one and two orders of magnitude larger due to the distribution of velocities in the fullerene beam as discussed by Katayanagi and Mitsuke. 24 Figure 8 shows the primary dissociation channels of the dication C 2+ 60−2n for 1 ≤ n ≤ 7. The isotope structure is smeared out for higher charge states due to the kinetic energy imparted to fragments upon dissociation. The peak shapes of these species have a pronounced asymmetry toward longer flight time, and the central flight times are shifted by up to 10 ns. The shift cannot be related to an error in the mass calibration, since flight times of the singly and multiply charged mother ions are predicted by Eq. (2) within 500 ps. Assuming that thermal velocities in the source are responsible is also not sufficient to reproduce the peak shapes.
Fragmentation of C 60 molecules was investigated after ionization with 200 eV electrons by Foltin et al. 25 They showed that the production of C 2+ 56 and C 3+ 56 preferentially occurs by stepwise ejection of neutral carbon dimers. Such a stepwise process could both create a delay in the ion flight time and affect the kinetic energy. Based on this we model the peak shape with a distribution based on the convolution of a Gaussian and an exponential decay,
where F E k T 0 (T ) is a Gaussian distribution to model an isotropic fragmentation process with an average fragment kinetic energy of E k . F τ (t) ∝ e −t/τ , t > 0 represents the decay of a highly excited metastable state with lifetime τ . In the limit τ → 0 the exponential decay becomes a δ-function and D becomes F 
This model reproduces the mass spectra for n ≤ 4 and q ∈ {2, 3} remarkably well. The lifetimes of the decay mechanisms are τ 1 = 14 ± 2 ns and τ 2 = 150 ± 13 ns with a branching ratio I τ 2 /I τ 1 = 0.4 ± 0.1. The kinetic energy of the fragmented fullerene in the laboratory frame increases from 200 meV to 1 eV as n increases. The charge does not seem to be an important parameter. In order for the fitting procedure to converge properly, we restricted the data to ions near the center of the detector (R ≤ 8 mm). Evidence that a weak contribution of low mass fragments, C + 4k+3 (2 ≤ k ≤ 4), with relatively high kinetic energy affects the mass spectra was also found. Finally, we note that the peak profile of high mass fragments C q+ 60−2n with n ≥ 5 becomes almost symmetric, probably because they are emitted together with small C x units (3 ≤ x ≤ 9). This suggests that more complex fragmentation mechanisms than sequential emission of neutral C 2 are required to produce these fragments. The detailed investigation of the fragmentation mechanisms will be the subject of a future publication.
IV. CONCLUSION
The design of an imaging spectrometer for threedimensional ion momenta and the theoretical basis for the implementation of a focusing lens for ions from an extended source volume are described. The spectrometer is shown both by simulation and by selected samples to fulfil these criteria for kinetic energies typical for photo-induced dissociation of molecules. We discuss the transformation of data to linear momentum coordinates using a semi-analytical approach. The measurement of multi-ion momentum and angle is demonstrated for dissociation of the carbon monoxide dication. The spectrometer is capable of high resolution even for large masses, thus making it suitable for cluster measurements. The mass spectra of fullerene ions demonstrates the high performance by resolving isotopes of the non-dissociated mother ion and investigating the dynamics of dissociation of a multiply charged fullerene. This opens up the possibility to use deuterium marking in photochemical reactions as is commonly done for biological macromolecules.
